Mitochondrial DNA (mtDNA) is organized in discrete protein-DNA complexes, nucleoids, that are usually considered to be mitochondrial-inner-membrane associated. Here we addressed the association of replication factors with nucleoids and show that endogenous mtDNA helicase Twinkle and singlestranded DNA-binding protein, mtSSB, co-localize only with a subset of nucleoids. Using nucleotide analogs to identify replicating mtDNA in situ, the fraction of label-positive nucleoids that is Twinkle/ mtSSB positive, is highest with the shortest labeling-pulse. In addition, the recruitment of mtSSB is shown to be Twinkle dependent. These proteins thus transiently associate with mtDNA in an ordered manner to facilitate replication. To understand the nature of mtDNA replication complexes, we examined nucleoid protein membrane association and show that endogenous Twinkle is firmly membrane associated even in the absence of mtDNA, whereas mtSSB and other nucleoid-associated proteins are found in both membrane-bound and soluble fractions. Likewise, a substantial amount of mtDNA is found as soluble or loosely membrane bound. We show that, by manipulation of Twinkle levels, mtDNA membrane association is partially dependent on Twinkle. Our results thus show that Twinkle recruits or is assembled with mtDNA at the inner membrane to form a replication platform and amount to the first clear demonstration that nucleoids are dynamic both in composition and concurrent activity.
INTRODUCTION
Mitochondrial DNA (mtDNA) was first visualized in 1963 (1) , and subsequently found associated with the mitochondrial inner membrane (IM) (2) . This was confirmed by electron microscopy (3) but to date the nature of mtDNA-membrane association has not been clarified. Microscopic methods have been used to show the organization of mtDNA in distinct structures, nucleoids, within the mitochondrial network (4), but it was not until 2001 when the first specific in situ protein co-localization was shown with the mitochondrial helicase Twinkle and mtDNA (5) . The first nucleoid purification method identified two mtDNA binding proteins, mitochondrial single-stranded DNA-binding protein (mtSSB) and transcription factor A (TFAM) (6, 7) , both shown to colocalize with mtDNA in situ (8) (9) (10) (11) .
Mammalian mtDNA replication requires the concerted action of several replication factors including the mtDNA polymerase g (POLG), the mtDNA helicase Twinkle, mtSSB and the transcription and packaging protein TFAM [see e.g. (12) for a review]. A minimal replisome consisting of Twinkle, POLG and mtSSB is capable of synthesizing the equivalent of a full-length mtDNA of 16.5 kb in vitro (13) . Although overexpressed Twinkle, as well as endogenous mtSSB and TFAM have been shown in situ to co-localize at least partially with mtDNA, the *To whom correspondence should be addressed. Tel: +31 24 3615191; Fax: +31 24 3618900; Email: h.spelbrink@cukz.umcn.nl possible temporal nature of interactions of endogenous mtDNA replication factors has never been demonstrated. Although mtDNA-nucleoids in recent years have been presented as rather static, one might expect many nucleoid-associated proteins such as transcription, replication and repair factors to interact transiently with mtDNA depending on their requirement. This would be reminiscent of many factors that interact with, for example, nuclear DNA in both a spatial and temporal manner. We here set out to ask whether the same applies to mtDNA by examining mtDNA co-localization of two mtDNA replication factors with distinct function, namely Twinkle and mtSSB, and show that their association with mtDNA is indicative of active replication. We previously showed that Twinkle-GFP was present in discrete foci within the mitochondrial network even in the absence of mtDNA in r0 cells (5), which we here confirm for endogenous Twinkle. This observation provided us with a handle on the spatial organization of mtDNA replication within the mitochondrial network. We here provide evidence that Twinkle is firmly membrane associated, is one of the proteins of a membrane-associated replication factory and is at least partially involved in mtDNA membrane association.
MATERIALS AND METHODS

Cell culture
Stable cell lines expressing mtDNA maintenance proteins on induction were created as described (14) using the FlpIn TM T-Rex TM 293 host cell line (Invitrogen). The ATAD3-HA expressing cell line was a kind gift of Drs Ian Holt and Hiroshi Sembongi (Cambridge UK). Transgenic cells were grown in Dulbecco's modified Eagle's medium (DMEM; Lonza) supplemented with 10% FCS (PAA laboratories), 2 mM L-glutamine, 1 mM Na pyruvate, 50 mg/ml uridine (Sigma), 100 mg/ml Hygromycin and 15 mg/ml Blasticidin (Invivogen) in a 37 C incubator at 8.5% CO 2 . Normal HEK293E, U2OS, 143B, 206f and B2r cells were grown under similar conditions but without antibiotics. BJ (ATCC Õ CRL-2522 TM ) human foreskin derived primary fibroblasts, and other primary human skin fibroblast lines were grown in 4:1 DMEM (Lonza) and M199 (Sigma) containing 15% FCS, 2 mM L-glutamine and 1 mM Na pyruvate. BJ fibroblast lines were used on the basis of availability and because these can be cultured to relatively high passage number without showing senescence, resulting also in no or only a relatively weak autofluorescence at 488 nm excitation. Other fibroblast lines were used on the basis of availability from our diagnostics service and were derived from healthy anonymous donors. These were not used with a passage number higher than 20. All cell lines were frequently checked for mycoplasma infection and found to be negative.
Western blot analysis
Mitochondrial fractions were analyzed by immunoblotting after sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) [(15) & Supplemental Experimental procedures].
Isolation of mitochondria
Cells were collected, resuspended in hypotonic buffer (4 mM Tris-HCl, pH 7.8, 2.5 mM NaCl, 0.5 mM MgCl 2 and protease inhibitor complete, Roche Molecular Biochemicals) and subjected to homogenization using a 5-ml chilled Dounce homogeniser until 80% cells were broken. During the testing phase of mitochondrial subfractionations (see below), cells were also disrupted after short cytochalasin treatment (16) and on occasion further purified using sucrose gradient purification as described (15) without noticeable differences in the final results (not shown). With both methods, mitochondria were isolated using differential centrifugation.
Mitochondrial (sub)fractionation
The mitochondrial outer membrane was disrupted by incubation with a digitonin (Sigma Aldrich)/protein ratio ([mg digitonin]/[mg mitochondria]) = 0.2 (unless otherwise indicated) in phosphate buffered saline (PBS) or a buffer containing 225 mM Mannitol, 75 mM sucrose, 10 mM HEPES, pH 7.8, 10 mM EDTA, in either case supplemented with a protease inhibitor. The mitoplasts were obtained by centrifugation at 8000g for 10 min, +4 C. The supernatant was centrifuged at 100 000g for 1 h to obtain intermembrane space supernatant and pellet containing a fraction of outer mitochondrial membrane proteins (see Supplementary Figure S3 and Results). Mitoplasts were suspended in 0.16 mg of Brij58/mg mitoplasts and incubated for 10 min on ice. Membrane (inner+outer) (pellet) and matrix (supernatant) fractions were obtained after centrifugation at 100 000g for 1 h. Proteins from intermembrane space and matrix were precipitated by deoxycholate (DOC)/trichloroacetic acid (TCA) (see below). Equivalent protein concentrations were run on gel for western blot analysis of the various fractions (Supplementary Figure S6) .
For digitonin-based fractionation, crude mitochondria from HEK293E or inducible HEK293 Flp-In TM T-Rex TM wt-Twinkle cells were taken up in 1 Â PBS (Gibco), the total protein concentration determined with Bradford assays and lysed by addition of digitonin at indicated ratios mg digitonin/mg total mt protein, incubated for 10 min on ice and centrifuged for 5 min at 14 000g and 4 C. Solubilized supernatant fractions were kept separately while pellet fractions were resuspended in volumes equal to the removed soluble fractions. Both supernatant and pellet fractions were brought to a final concentration of 1% SDS.
Crude mitochondria for flotation were further purified over 30% Percoll gradients (30% Percoll, 225 mM sorbitol, 25 mM Tris, pH 7.4, 1 mM EGTA). Purified mitochondria were washed once in 5 volumes of 225 mM sorbitol, 25 mM Tris, pH 7.4, 1 mM EGTA and taken up in 1Â PBS. Total mitochondrial protein yield was determined by Bradford assays and the equivalent of 2 mg of total mitochondrial protein was lysed in TN (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, cocktail of protease inhibitors, 10% sucrose) containing either 1% Triton X-100 or digitonin at a ratio of 2.5:1 (w/w) for 30 min on ice. Digitonin-lysed samples were centrifuged for 10 min at 14 000g, the supernatant discarded and the pellet resupended in TN containing 1% Triton X-100. Samples were mixed with cold Optiprep TM to a final concentration of 42.5%, transferred into MLS-55 centrifuge tubes and overlaid with 400 ml of each 40, 37.5, 35, 32.5, 30, 27.5, 25, 20 , and 0% Optiprep TM in TN containing 1% Triton X-100. The gradients were centrifuged at 100 000g for 14 h at 4 C. Fractions were collected from top to bottom and aliquots analyzed by western blotting or dot blotting, respectively, as described before.
Treatment of isolated mitochondria with carbonate or KCl
For carbonate extraction, isolated mitochondria were resuspended in a 0.1 M Na 2 CO 3 buffer (pH 11.0) and incubated on ice for 30 min; the pellet was recovered by centrifugation (100 000g, 1 h, 4 C). For salt-wash experiments, mitochondria were diluted 10-fold in buffers consisting of either 30 mM KCl or 500 mM KCl in 30 mM Tris-HCl (pH 7.4) and sonicated at 40% power 3 mm probe 3Â 10 s per cycle. The pellet was recovered by centrifugation (100 000g, 1 h, 4 C). Proteins from the resulting supernatants were concentrated by DOC/TCA precipitation: lysates were treated with 0.02% DOC for 30 min on ice before addition of 10% TCA, incubated at +4 C over night and precipitated samples were centrifuged at 15 000g for 15 min at +4 C. Pellet and precipitated supernatant were finally re-solubilized in equal volumes and the same volume loaded on gel for SDS-PAGE and western blot analysis.
Treatment of isolated mitochondria by sonication and nucleases
Mitochondria were resuspended in enzyme-buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 3 mM CaCl 2 , 2 mM MgCl 2 ), sonicated on ice at 40% power for three times 20 s before addition of the enzymes as indicated DNase I (Fermentas) 10U, RNAse A (Fermentas) 20 mg, Micrococcal nuclease (Fermentas) 50 U and Benzonase nuclease (Sigma) 50U, and incubated at +37 C for 30 min. Where appropriate, lysates were further subjected to carbonate extraction as described above.
Dot-blot analysis of mtDNA content
For mtDNA analyses, samples of supernatant and pellet lysates [see Mitochondrial (sub)fractionation] were suspended in 2Â SSC, boiled for 15 min at 95 C and dot blotted in triplicates onto positively charged nylon membranes. Dot blots were detected using nonradioactively labeled cytb probes using Dig-labeling (Roche). Hybridizations at 48 C and dig-antibody incubations were carried out using Easy-Hyb (Roche) according to the manufacturer's protocol. ECL detection was performed with CSPD (Roche) and visualized with a ChemiDoc (Biorad). Quantifications of resulting ECL signals were performed with ImageQuant (Ge Healthcare).
Transfections, fluorescence microscopy, ddC treatment, EdU and BrdU labeling Immunofluorescence (IF) detection of proteins was done as described previously (8) MtDNA labeling using Click-iT TM EdU (5-ethynyl-2 0 -deoxyuridine) imaging kits with either AlexaFluor 488 or 568 azide (Invitrogen) was initially done as described by the manufacturer except that we used 50 mM EdU to detect mtDNA label incorporation. Only for the experiment shown in Figure 4C examining EdU, Twinkle, mtSSB co-localization we modified the procedure: the Click-iT TM buffer additive was replaced by 50 mM ascorbic acid and the reaction was done twice for 25 min with a freshly prepared labeling mix. This increased the signal and signal-to-noise ratio (17) . Following EdU labeling and detection, we proceeded with IF as above. 5-bromo-2 0 -deoxyuridine (BrdU) labeling used the BrdU Labeling and Detection Kit I (Roche) using manufacturers protocols except that we used 50 mM BrdU and Alexa 568 anti-mouse for BrdU-antibody detection. Fixation used acid-ethanol resulting in significantly reduced mtSSB antibody staining compared to paraformaldehyde fixation. Both for EdU and BrdU labeling, mtDNA/EdU (or mtDNA/BrdU) and EdU/ Twinkle (or BrdU/mtSSB) positive foci were scored manually by first marking all mtDNA/EdU or BrdU foci [using Image Pro Plus 6 'create point feature' (Media Cybernetics) or using the 'Event Marker' tool using Axiovision 4.8 software] and overlaying the Twinkle/mtSSB IF, counting all double positives and using both numbers to calculate relative percentages. Twinkle-mtDNA positive foci were similarly scored using Image Pro Plus 6. In all cases, experiments were repeated several times as indicated and in each experiment multiple cells were scored to obtain final numbers. Very rare cytoplasmic EdU or BrdU spots that did not appear to co-localize with mtDNA were not considered. MtSSB/ BrdU positive foci were only judged positive with clear position overlap and a distinct focal mtSSB signal on the basis of the strong focal mtSSB presence in a subpopulation of mtDNA foci in paraformaldehyde fixed cells. BrdU or EdU foci in the vicinity of the nucleus could not be assigned positive for mtDNA and/or BrdU/Edu on the basis of the often strong nuclear signal and were therefore not used in the quantification. Intensity line scans were made with the 'Profile tool' (Axiovision 4.8 software).
RESULTS
Endogenous
Twinkle and mtSSB at steady state are found in a subset of mtDNA-nucleoids and are enriched in replicating mtDNA foci
The mtDNA helicase Twinkle is a low abundant protein [see Supplement of (14)]. For this reason and the lack of a good antibody, the analysis of the cellular functions of Twinkle so far has used overexpression of Twinkle variants that contain C-terminal epitope tags. These analyses have shown a high degree of in situ co-localization of Twinkle with mtDNA and mtDNA-associated proteins such as TFAM (8) . However, overexpression of tagged Twinkle might not accurately copy the properties of the endogenous protein, while at the same time the total mitochondrial pool of the protein is considerably increased. Since Twinkle and, for example, also the mtSSB are mitochondrial proteins considered to be essential for mtDNA replication, but each mtDNA molecule is not continuously replicated, we asked whether either of these proteins dynamically associates with mtDNA. Figure S1B) .
Analysis of IF images revealed that endogenous Twinkle co-localized only with a subset of mtDNAnucleoids based on co-staining for mtDNA and/or TFAM ( Figure 1A and B shows the results in primary fibroblasts and Figure 1C for osteosarcoma U2OS cells), a result that was also observed using a different fixation and permeabilization method (Supplementary Figure  S1A) . Similar observations were made in HEK293E cells (Supplementary Figure S1C ). An analysis in primary fibroblasts of between 9 and 12 cells in three independent experiments showed the percentage of mtDNA foci that were Twinkle positive to be 48 ± 7% ( Figure 1B1 ). In all, 1.2 ± 0.25 of every 10 Twinkle foci did not appear to colocalize either with mtDNA or TFAM while all mtDNA foci were TFAM positive and vice versa, no TFAM foci were observed that were not also mtDNA positive. These results, apart from showing that less than half of all mtDNA/TFAM foci contained Twinkle, suggested that Twinkle might organize in discrete structures independent of the presence of mtDNA. Earlier we showed that Twinkle-GFP expressed in mtDNA-less (r ) cells also shows a punctate mitochondrial fluorescence (5). This was corroborated here for endogenous Twinkle in cells partially depleted of mtDNA using dideoxycytidine (ddC) still showing discrete Twinkle foci both, with and without, mtDNA co-localization ( Figure 2A ). In 206f-r cells, derived from the 143B osteosarcoma cell line, Twinkle foci are again discrete in an otherwise connected mitochondrial network ( Figure 2B1 and B2). In 206f cells ( Figure 2B2 ), endogenous mtSSB was more uniformly distributed over the mitochondrial network as also shown previously (8) . This is illustrated by an intensity line profile of a small section of the mitochondrial network showing fluctuating mtSSB intensity at levels well above the baseline, whereas Twinkle foci appear as sharper peaks from the baseline ( Figure 2B2 ). TFAM staining in 206f cells (Supplementary Figure S2A2) showed a much weaker and more uniform signal in comparison to the signal detected in the parental 143B cells (Supplementary Figure S2A1) , as previously observed (18) .
In fibroblasts ( Figure 1B1 , details in Figure 1B2 and B3) and U2OS cells ( Figure 1C1 , details in Figure C2 and C3), mtSSB showed both a relatively uniform mitochondrial distribution as well as a focal accumulation of presumably higher concentrations of mtSSB. These intense mtSSB foci co-localized only with a subset of mtDNA foci at a substantially lower percentage (14.8% in fibroblasts) compared with Twinkle. This was observed with two polyclonal mtSSB antibodies that we used in the course of this study. Cells in which Twinkle was depleted using transient (48 h) siRNA transfection only showed a modest decline of detectable mtDNA foci but showed almost complete loss of intense mtSSB foci ( Figure 3 ). This was observed both in U2OS (panels A) and primary skin fibroblasts (panels B1). Detailed images (panels B2) of a small section of control versus knockdown Twinkle fibroblasts show the loss of most mitochondrial Twinkle foci (8% of mtDNA foci are still Twinkle positive compared with 30% in the control cell) while background antibody staining appearing in the cytosol remains similar to that seen in the control. In the whole-cell image (panel B1, upper right), about 10 intense mtSSB foci remain visible with Twinkle knockdown (compared with on average $70 in the control), while in the detailed section, 0 remain, compared with 11% in a similar section shown for the control. Similar to U2OS (panels A), various transient knockdown experiments using multiple control fibroblasts lines showed an on-slide correlation between the effectiveness of knockdown in individual cells based on Twinkle IF and the level of loss of intense mtSSB foci (not shown). In further support of these findings, transient expression of strong Twinkle stalling mutants K421A and G575D (14) result in the disappearance of mtSSB foci while these foci remain with expression of wild-type Twinkle or in cells on the same slide in which mutant Twinkle is not expressed (Supplementary Figure S3) . In contrast to these findings, a short (48 h) but stronger mtDNA depletion using ddC (Figure 2A and Supplementary Figure S4B) Figure 1 . Endogenous Twinkle is not a constitutive nucleoid protein. (A1) BJ fibroblasts were stained with a mouse IgG monoclonal antibody for Twinkle (green), a mouse IgM monoclonal for mtDNA (white) and a rabbit TFAM antibody (red) and imaged by confocal microscopy. Detailed (A2) and merged (A3) images show that all mtDNA foci were TFAM positive, while $50% (see also 'Results' section) of mtDNA foci were not positive for Twinkle (some of these foci are indicated with white arrows at the inset). In addition, some Twinkle foci were observed also in the absence of mtDNA (foci indicated with green arrows). (B1) A second primary skin fibroblast line was stained with antibodies for Twinkle (green), mtDNA (white) (same as above) and a rabbit mtSSB polyclonal (red) and imaged in this case using a Zeiss apotome. Detailed (B2) and merged (B3) images show that, similar to BJ fibroblasts, <50% of mtDNA foci were positive for Twinkle, while even fewer mtDNA foci were strongly positive for mtSSB against a weaker more uniform mtSSB staining that nevertheless appears to show some preferential localization with mtDNA. The percentage of mtDNA foci positive for Twinkle or mtSSB was determined in three independent experiments in primary skin fibroblasts, showing only a partial co-localization (see Main text). This is here presented as a small graph in panel B1 ( In mtDNA-less 206f cells, endogenous Twinkle also showed a focal staining, while staining for mtSSB was comparatively uniform, in contrast to these proteins in cells containing mtDNA (8) . 206f cells are here also stained for DNA showing a clearly positive nuclear DNA signal but absence of any mtDNA signal confirming the mtDNA-less character of these cells. A detailed section (indicated with a white box) of the merged Twinkle-mtSSB images clearly shows the rather uniform character of the mtSSB staining while Twinkle staining is punctate. This is further illustrated by a profile line scan (region indicated in the 'Detail merge' image by a white line) that shows fluctuating mtSSB intensity at levels well above the baseline, whereas Twinkle foci appear as sharper peaks from the baseline. proportion of focal mtSSB co-localizing with mtDNA ( Figure 2A3 and Supplementary Figure S4B3 ) that appeared twice higher than in nontreated U2OS (Supplementary Figure S4A3) . These foci were, however, less intense (Supplementary Figure S4C) . Taken together, these experiments show that the focal presence of mtSSB at mtDNA foci is dependent on the function of Twinkle, and mtSSB is dynamically recruited to nucleoids during replication (see below and 'Discussion' section). The absence of endogenous Twinkle from many mtDNA-nucleoids in primary fibroblasts and the presence of Twinkle foci in the absence of mtDNA suggested that nucleoids might dynamically associate with Twinkle foci (or vice versa) dependent on signals that would indicate the need to replicate mtDNA. Even more dramatically, only a small fraction of mtDNA foci in fibroblasts showed a strong accumulation of mtSSB. To address whether Twinkle and/or mtSSB association with mtDNA showed a positive correlation with ongoing mtDNA replication, we made use of ClickIt-EdU (19) and BrdU labeling to detect de novo mtDNA synthesis. Since mtDNA can incorporate EdU/BrdU at any point during ongoing mtDNA replication, we reasoned that if Twinkle and/or mtSSB temporarily associate with nucleoids to enable replication and would subsequently dissociate or disassemble, short EdU/BrdU pulses would show a relatively larger proportion of labeled nucleoids positive for these proteins, than longer pulses. In initial experiments, we tested Twinkle and mtSSB separately with EdU and BrdU labeling, respectively ( Figure 4A and B). The data ( Figure 4C and Supplementary Figure  S5 ) indicate that with the shortest possible EdU pulses for unambiguous visualization (30 min), the highest proportion of EdU positive foci were Twinkle positive (73%), while after 60 and 90 min and at steady state (see above and Figure 4C ) this percentage was significantly lower, indicating that for EdU incorporation to occur Twinkle needs to be mtDNA associated. Similarly, following BrdU labeling and mtSSB/mtDNA, IF showed 69% strong mtSSB positive BrdU foci after a 30-min pulse that dropped to 41% after 90 min and declined even further to 27% after a 90-min pulse followed by a 60-min chase. These data thus show that core components of the replication machinery and mtDNA dynamically associate with one another to enable replication.
To analyze the dynamics of mtDNA association of both Twinkle and mtSSB in more detail, we examined Twinkle/ mtSSB co-localization with EdU-labeled mtDNA. At the same time, parallel slides were processed for mtDNA, Twinkle and mtSSB detection under otherwise identical conditions in order to determine overall levels of mtDNA occupancy by Twinkle and mtSSB. As mtDNA replication occurs throughout the cell cycle, these values represent steady-state co-localization values. Since EdU foci were essentially all mtDNA positive (see Supplementary Figure S5 ), we chose not to perform EdU labeling with quadruple staining including mtDNA staining because axial chromatic aberration in the ultraviolet range could not be corrected for on the microscope used in these experiments.
The results of the EdU-Twinkle-mtSSB detection ( Figure 4C) show the same general kinetics as observed with EdU-Twinkle-mtDNA (Supplementary Figure S5) and BrdU-mtSSB-mtDNA detection as depicted in Figure 4B . In this particular experiment, steady-state Twinkle-mtDNA and mtSSB-mtDNA co-localization were 39 and 14%, respectively ( Figure 4C ). In contrast, at a short 30-min EdU pulse labeling, Twinkle-EdU and mtSSB-EdU co-localization were 64 and 66%, respectively, and the percentage of EdU-mtSSB foci that were positive for Twinkle at this short pulse was 72%. With longer EdU pulses, co-localization percentages declined to more closely reflect steady-state Twinkle and mtSSB, mtDNA co-localization. At a 90-min pulse plus a 60-min chase, Twinkle-EdU co-localization was somewhat below the steady-state Twinkle-mtDNA co-localization while the mtSSB-EdU co-localization was still somewhat above. The percentage of mtSSB-EdU positive foci that were also Twinkle positive showed slightly different kinetics such that at a 30-min pulse it closely reflected the steady-state level of 73%, but at all later time points, it settled at a relatively stable lower-than-steady-state percentage of 52-55% (see 'Discussion' section).
Twinkle is firmly membrane associated, enhances mtDNA tethering to the membrane when overexpressed and reduces mtDNA tethering on Twinkle knockdown
Although the first suggestions of mammalian mtDNA membrane association stem from the late 1960s and 1970s (see 'Introduction' section), little is known about the nature of this association. The observation that Twinkle forms discrete foci even in the absence of mtDNA raised the possibility that Twinkle is not a matrix-soluble protein, as this would show a uniform staining. In contrast, TFAM and mtSSB lose their localization in discrete foci in r cells and thus require mtDNA for their localization in a discrete complex (see above). We used classical biochemical fractionation to examine the localization and solubility of nucleoid-associated proteins (see legend to Supplementary Figure S6 and 'Materials and Methods' section for details). We first used inducible overexpression of tagged proteins, as this required much less material and allowed their detection with tag antibodies. This showed that Twinkle was exclusively present in the mitochondrial membrane fraction as was ATAD3, an IM protein with functions reported in lipid shuttling and mtDNA binding (20, 21) . In contrast TFAM, mtSSB and POLG1 and 2 were distributed over the membrane and matrix fractions (Supplementary Figure S6) . Although Twinkle does not contain any predicted transmembrane helices, these data suggested a strong membrane association. To confirm this, we used two alternative methods to confirm these results for endogenous Twinkle, based either on sodium carbonate fractionation (22) or on 0.5 M KCl extraction (23) ( Figure 5A ). Both of these methods showed tight association of endogenous Twinkle with mitochondrial membranes. As expected, the same was also observed with overexpressed Twinkle ( Figure 5B and C and Supplementary Figure S6) . As a control, a combination 42,5% 0% D Figure 5 . Twinkle is membrane associated. (A) Isolated mitochondria of HEK293E cells were subjected to either KCl or sodium carbonate extraction (Na 2 CO 3 ) as described in the main text. Endogenous Twinkle was detected using a monoclonal antibody and blots were re-probed with antibodies for TFAM and mtSSB. Results show that endogenous Twinkle fractionates mostly to the pellet fraction using both methods illustrating its strong membrane association, similar to overexpressed Twinkle (Supplementary Figure S6C) , whereas TFAM and mtSSB mostly became soluble, in particular, in combination with 0.5 M KCl and sonication. Please note that to detect Twinkle with confidence, more protein was used for these western blots sometimes resulting in overloading of TFAM. Sonication in combination with DNAseI (D) or DNaseI/RNase A (R, RNase)/ Benzonase (B) released more TFAM and mtSSB than sonication alone, showing that a proportion of TFAM and mtSSB can be found in the insoluble fractions of the various experiments by means of their interaction with mtDNA (rightmost blot panel A). (B) Na 2 CO 3 fractionation shows that overexpressed Twinkle-Myc is almost exclusively in the pellet (p) fraction again indicative of tight membrane association, whereas TFAM is of TritonX-100 lysis and sodium carbonate extraction showed that the insolubility is not a peculiarity of the Twinkle protein or its overexpression ( Figure 5B ), as Twinkle is mostly found in the supernatant under these conditions. In contrast to Twinkle, and depending to some extent on the cell line used, substantial proportions of endogenous TFAM and mtSSB could be dissociated using sodium carbonate or 0.5 M KCl extraction. This suggested that the fraction of TFAM or mtSSB that was membrane associated on the basis of the more classical mitochondrial fractionation was mediated mostly by electrostatic interactions with membranes and/or mtDNA. Treatment of isolated mitochondrial membranes with nucleases, following either sonication or carbonate extraction, also released a substantial proportion of TFAM and mtSSB but not Twinkle into the soluble fraction ( Figure 5A and C) . On the basis of our digitonin titration experiments (Supplementary Figure S6) it was clear that also the IM could be disrupted by high digitonin concentrations. We reasoned that if many nucleoid-associated proteins are found in both membrane and matrix fractions based on classical mitochondrial subfractionation and only a subset of nucleoids contain Twinkle based on IF, perhaps two pools of mtDNA-protein complexes could also be separated on the basis of their solubility. To test this, we examined the solubility of several mitochondrial marker proteins by titrating the w / w ratio of digitonin/total mt protein, but this time using only one centrifugation step to separate the solubilized components (supernatant) from the digitonin-insoluble (pellet) fraction. This analysis (Supplementary Figure S6D) showed that the IM became somewhat permeable to glutamate dehydrogenase (a matrix localized enzyme) at a 0.5:1 w / w digitonin/ protein ratio and was maximally permeable at a 2.5:1 ratio. At this ratio, COX II was still mostly in the pellet fraction, but at a 3.5:1 ratio it also became more soluble. This agrees with supercomplex blue-native PAGE analysis protocols, where a 4:1 ratio is used to solubilize supercomplexes (24) .
TFAM and POLG1 behaved similar to glutamate dehydrogenase to the extent that a sizeable proportion became soluble at the lower range of digitonin concentrations. However, a substantial pool was resistant to digitonin solubilization at a 2.5:1 and even a 3.5:1 ratio, as it remained in the pellet. As expected, endogenous Twinkle behaved essentially the same as the transmembrane COX II protein in this assay. Using a 2.5:1 digitonin ratio, we subjected pellet fractions to a combined flotation/fractionation on an iodixanol gradient having resolubilized the pellet with Triton-X100 and compared this with a total mitochondrial Triton-X100 lysate ( Figure 5D ). This analysis showed that Twinkle, mtDNA, TFAM, mtSSB and POLG1 all migrated in a single fraction high up the gradient, while, in contrast, for example, COXII or a marker for the large mitoribosomal subunit, MRPL49, migrated only a small distance up the gradient. The small mitoribosomal subunit marker MRPS22 showed the presence of this subunit in the total lysate but it was essentially absent from the digitonin pellet fraction. These results thus showed again that the Twinkle-containing fraction is not an insoluble aggregate of proteins. More importantly, it indicated various proteins that are involved in mtDNA replication and that were insoluble at a 2.5:1 digitonin ratio to comigrate in a single fraction at low density in the gradient substantiating the idea that they form a single discrete membrane-associated complex (see 'Discussion' section).
Having established the relatively simple fractionation procedure based on digitonin lysis, dot-blot analysis was performed for mtDNA and showed that $35% of the mtDNA pool was soluble at a 2.5:1 digitonin ratio (see below, Figure 6 ). This suggested that on mild mitochondrial lysis with digitonin, two pools of mtDNA and associated proteins exist, one that remains in the pellet and contains Twinkle and one that is more soluble and contains little Twinkle.
Overexpressed Twinkle in cultured cells typically shows a good co-localization with mtDNA [(8) and (Supplementary Figure S1B) ]. Given this and the results presented so far we hypothesized that overexpression of Twinkle might increase the fraction of mtDNA in the insoluble pellet fraction. To test this hypothesis, we used inducible expression of wt Twinkle without epitope-tag and tested the distribution of mtDNA and associated proteins using digitonin fractionation. Previously we have shown that the used level of Twinkle induction has little effect on nucleoid structure and has no effect on mtDNA levels, replication, mitochondrial transcript levels or cell growth (25) . The results of western-and dot-blot DNA analysis showed that, in contrast to Figure S6D ). This membrane fraction (marked as 'Digitonin pellet') was here subjected to flotation by layering a gradient of iodixanol on top of this fraction that was first re-solubilized with 1% TX100 (see 'Materials and Methods' for details). The gradient was then subjected to ultracentrifugation. In parallel, a mitochondrial fraction that was directly solubilized by 1% TX100 (marked as 'TX100') was subjected to the same procedure. Collected fractions were isolated as indicated and subjected to western blot analysis as well as dot blot analysis to detect mtDNA. The results show that mtDNA and nucleoid-associated proteins in the digitonin-lysis membrane fraction moved up the gradient to a single low-density iodixanol concentration, showing that they likely form a single complex. In contrast, COXII and a marker for the large ribosomal subunit MRPL49 have remained at relatively high-density fractions. In the total mitochondrial TX100 lysate, Twinkle and other nucleoid proteins appear more dispersed as does mtDNA. (Figure 6B ). The analysis of POLG showed a similar redistribution as TFAM on the blot shown here but was not always as clearly detectable owing to its low abundance, precluding a statistical analysis.
Finally, we performed the same analysis using Twinkle siRNA ( Figure 6C ). This showed an increase in the amount of soluble mtDNA. Nevertheless, a substantial amount still remained insoluble showing that mtDNA membrane association is not solely dependent on Twinkle (see 'Discussion' section). In agreement with the suggested requirement for Twinkle, mtSSB showed a redistribution to the more soluble fraction, corroborating the IF analysis following Twinkle knockdown.
DISCUSSION
In this article we show, using IF and biochemical fractionation, the presence of at least two pools of mtDNA in human mitochondria, one (or more) that is isolated in an insoluble fraction and is likely membrane associated, and one that is more soluble. Similarly, we show that Twinkle behaves as a membrane protein independent of DNA association, whereas mtSSB and TFAM are present with mtDNA and Twinkle in membrane fractions (by biochemical isolation) or with nucleoids (by IF) on the basis of their DNA association and ongoing replication. This is corroborated by IF in cells not containing mtDNA, showing Twinkle in punctate foci, whereas mtSSB and TFAM are more uniformly labeling the mitochondrial network in contrast to their partial punctate co-localization in cells that contain mtDNA. We show, using EdU/ BrdU pulse-chase labeling, a clear causative relationship between the presence of Twinkle and mtSSB at mtDNA foci and concurrent mtDNA replication. Finally, using overexpression or knockdown we show a partial dependency of mtDNA membrane association on Twinkle. These findings and the presence in a single fraction of Twinkle, mtDNA and various mtDNA replication factors on flotation of digitonin purified mitochondrial membranes suggest that Twinkle is a core component of a membrane-associated mtDNA replication factory. We thus provide at least a partial explanation for the longstanding observation of an mtDNA membrane connection (see 'Introduction' section). Supplementary Figure S7 shows a model that incorporates the major findings of this article.
Twinkle and mtSSB preferentially co-localize with replicating mtDNA; mtSSB is recruited to the replisome in a Twinkle-dependent manner
The steady-state percentages of Twinkle and mtSSB colocalization with mtDNA and the comparison of their colocalization with replicating mtDNA provides insight both into the mechanism of mtDNA replication as well as its dynamics and that of its associated factors. It is clear from the data that Twinkle at steady state co-localizes with a higher number of mtDNA molecules than the number that is being replicated at any given time, as the number of mtDNA foci positive for Twinkle ($40-50%) is much higher than the number of mtDNA foci that are positive for EdU/BrdU (4-10%) at the shortest labeling time (Supplementary Figure S8) . This suggests that mtDNATwinkle association in itself is not enough to initiate replication or alternatively that replication following this association is frequently aborted or prematurely terminated. This hypothesis is supported by the observation that at steady state and following a short 30-min EdU pulse, the percentage of mtDNA molecules being positive for mtSSB and also positive for Twinkle was highest ($70%), whereas at all the other time points of EdU labeling it seemed to have settled at $55%. MtDNA copying also involves the frequent synthesis of 7S DNA in the so-called noncoding region. Although the function of this relatively short DNA fragment is currently still unclear, it has a higher synthesis and turnover rate compared with the full-length genome [see e.g. (26) and references herein], which depends on the recently identified mitochondrial genome maintenance exonuclease 1 (MGME1) (27) . 7 S DNA synthesis might thus provide one explanation for the observed difference, and it was recently shown that 7 S DNA synthesis is dependent on the Twinkle protein (28) . Alternatively, results could indicate, for example, DNA repair processes, with limited EdU incorporation that would fall below the detection limit but require Twinkle/mtSSB association with mtDNA.
The much lower steady-state mtSSB-mtDNA colocalization and the concomitant low percentage of mtSSB that does not co-localize with EdU/BrdU at the shortest labeling pulses shows that mtSSB is a better in situ marker for ongoing full-genome replication than Twinkle. This is supported by siRNA-mediated Twinkle depletion: a 48-h Twinkle knockdown in fibroblasts (as shown in Figure 3 ) shows a modest reduction in visible mtDNA foci, which agrees with previous siRNA experiments showing a slow decline in mtDNA copy number (29) . At the same time, few intense mtSSB positive foci, as seen in untreated cells, remain. Biochemical fractionation shows similarly that mtSSB becomes more soluble on Twinkle siRNA. In contrast, cells that are more strongly depleted of mtDNA following ddC treatment show mtDNA foci containing Twinkle and strongly positive for mtSSB by IF. The use of Twinkle siRNA allows us to conclude that there is a correlation between the level of Twinkle expression and the strong accumulation of mtSSB in distinct foci. As Twinkle is depleted by siRNA treatment, mtDNA replication can no longer initiate and mtSSB will no longer be recruited in large quantities, as singlestranded mtDNA will no longer be generated by the unwinding action of Twinkle. In contrast, in case of ddC mediated depletion, replication can still initiate but will stall or stutter and both Twinkle and mtSSB will be trapped on partially replicated DNA molecules (Supplementary Figure S7) . It is noteworthy that it was recently shown in vitro that Twinkle is capable of loading on a circular DNA molecule without the assistance of a helicase loader (30) . Combined, the data suggest that also in vivo Twinkle-mtDNA association is an important step in the initiation of mtDNA replication and show that Twinkle mtDNA unwinding is required for the recruitment of larger quantities of mtSSB during ongoing replication.
Does twinkle mark specialized replication factories at the mitochondrial IM?
Since Twinkle does not appear to be a constitutive mtDNA-nucleoid component, nucleoids must dynamically associate with Twinkle at, as we suggest here, specialized foci at the mitochondrial IM. Alternatively, mtDNA might dynamically associate with preexisting platforms at the IM and subsequently recruit Twinkle. The presence of distinct Twinkle foci in rho-zero cells and cells depleted of mtDNA by ddC argues that Twinkle is present at preexisting membrane foci with which mtDNA dynamically interacts. This is substantiated by a considerable decrease of mtDNA membrane association on Twinkle depletion using siRNA. Twinkle-mtDNA membrane association is also substantiated by the observation that GFP-tagged Twinkle was previously observed to show the same velocity and directionality as overall mitochondrial movement (8) .
Although siRNA-mediated Twinkle depletion is not 100%, the observation that a considerable fraction of mtDNA remains membrane associated suggest other means by which it associates with the membrane. Other proposed proteins for involvement in mtDNA membrane association include a processed splice variant of OPA1 (31), ATAD3 (32) and prohibitin (33) . Although we have not tested all possible candidates in the analysis of mtDNA fractionation, all available data combined suggest that mtDNA membrane association will likely depend on multiple proteins as well as physiological conditions and signals, and is a dynamic process. Current data suggests the existence of a soluble and possibly distinct membrane bound fractions. This explains published nucleoid proteome analyses in which proteins involved in mtDNA replication and repair, transcription, translation and biogenesis have all been identified (33, 34) . It is also substantiated by high-resolution immunofluorescence that shows partial but noncomplete overlap of signals or closely adjacent signals of mtDNA/TFAM and proteins with functions in protein synthesis, import and biogenesis (35) . This has also been observed, for example, for ATAD3 colocalization (20) while both prohibitin and ATAD3 have recently been implicated in mitochondrial protein synthesis and mtDNA membrane association (34) . We thus not only support the original suggestions by Iborra and colleagues that nucleoids are found adjacent to sites of mitochondrial biogenesis, but show that distinct and dynamic populations of mtDNA must exist in association with the IM, possibly dedicated to distinct functions such as translation, replication or repair. In contrast to the above, TFAM generally shows a perfect mtDNA co-localization pattern. It has been argued on the basis of super-resolution microscopy and theoretical considerations that perhaps the only permanently mtDNA-associated factor is TFAM (36, 37) .
Contrary to the current paradigm, we have shown that a substantial nonmembrane-bound or loosely membraneassociated mtDNA-protein fraction also exists in mammalian mitochondria. A second recent super-resolution microscopy study has similarly suggested that not all nucleoids are in direct close contact with the inner mitochondrial membrane (38) and that consequently mtDNAmembrane interactions could be transient in nature. We can agree with these findings using a different, and in this case biochemical, approach, and show that transient interactions include association with Twinkle to facilitate mtDNA replication.
Finally, in yeast, mtDNA replication showed a similar dynamic association of some of its nucleoid proteins including the POLG1 homologue, Mip1p, with mtDNA (39). In the same study, it was demonstrated that some of the core components of the mtDNA maintenance machinery are present as discrete complexes also in the absence of mtDNA. Although yeast does not have a Twinkle homologue (40) , it was shown that one of the yeast mtDNA helicases, Pif1p, is membrane associated. Abf2p, the yeast TFAM homologue, could be partly dissociated by nuclease treatment (41) , similar to our findings here for Twinkle and TFAM. Our data thus show a strong mechanistic similarity between yeast and mammalian mtDNA organization and replication, and suggest that mtDNA replication factories in close association with the IM exist throughout the Eukaryote lineage.
To conclude, in this article, we present the first clear evidence that human mtDNA replication factors dynamically associate with mtDNA to facilitate replication. Our type of analysis provides a direct handle on the functional characterization of putative mtDNA replication factors as we would predict these factors to co-localize only partially with mtDNA and to be enriched at foci that contain Twinkle and/or mtSSB. In particular, mtSSB seems to provide a good marker for mtDNA replication because it will be positive for fewer foci that are not in the process of replication, and because of its higher abundance, it gives a clearer immunofluorescent read-out when used with high-resolution imaging. On the basis of our results, we can anticipate that similar dynamic protein-mtDNA associations will exist for transcription and mtDNA repair factors. Evidence for the transient interaction of repair proteins includes the organization of base-excision repair proteins in discrete structures distinct from nucleoids (42) ; the increased co-localization of Cockayne syndrome group B protein with TFAM on menadione treatment (43) ; and the increased nucleoid colocalization of DNA2 on replication stalling (44) . The dynamic nature of protein-mtDNA interactions raises the important question how these interactions are regulated at the molecular level.
